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Abstract Dissolved organic carbon (DOC) from Oa
horizons has been proposed to be an important
contributor for subsoil organic carbon stocks. We
investigated the fate of DOC by directly injecting a
DOC solution from 13C labelled litter into three soil
depths at beech forest sites. Fate of injected DOC was
quantified with deep drilling soil cores down to 2 m
depth, 3 and 17 months after the injection. 27 ± 26%
of the injected DOC was retained after 3 months and
17 ± 22% after 17 months. Retained DOC was to
70% found in the first 10 cm below the injection depth
and on average higher in the topsoil than in the subsoil.
After 17 months DOC in the topsoil was largely lost
(- 19%) while DOC in the subsoil did not change
much (- 4.4%). Data indicated a high stabilisation of
injected DOC in the subsoils with no differences
between the sites. Potential mineralisation as revealed
by incubation experiments however, was not different
between DOC injected in topsoil or subsoils under-
lining the importance of environmental factors in the
subsoil for DOC stabilisation compared to topsoil. We
conclude that stability of DOC in subsoil is primary
driven by its spatial inaccessibility for microorgan-
isms after matrix flowwhile site specific properties did
not significantly affect stabilisation. Instead, a more
fine-textured site promotes the vertical transport of
DOC due to a higher abundance of preferential flow
paths.
Keywords Forest subsoils  Cascade model 
Incubation experiment  13C  Field experiment
Introduction
Subsoils have been recognised as an overlooked key
component of the terrestrial carbon pool, containing
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between 27 and 77% of soil organic carbon (SOC) in
mineral soils (Harrison et al. 2011; Rumpel and Kogel-
Knabner 2011). Especially forest soils represent an
important component of the global C cycle, due to
their higher C stocks as compared to arable soils
(Poeplau et al. 2011). Organic C in subsoils is
characterised by generally high mean residence times
and thus high mean apparent 14C ages (Rumpel et al.
2002; Voort et al. 2016; Wang et al. 1996). Beside
roots, dissolved organic carbon (DOC) is a major
source of fresh carbon (C) that enters subsoils (Kaiser
and Guggenberger 2000). Nevertheless, quantitative
data on the contribution and turnover of different
compounds such as DOC entering subsoils are scarce
(Kögel-Knabner 2017) The results from two synthesis
papers showed that the input of DOC into forest
subsoils is much higher than the output via leaching
which means that a considerable portion of DOC is
retained or mineralised in the subsoil (Kindler et al.
2011; Michalzik et al. 2001). Kalbitz and Kaiser
(2008) estimated the contribution of DOC to the
subsoil C stock of a Podzol to be in the range of
25–66% for the B and C horizon. Consequent ques-
tions are inter alia: what is the origin of this DOC, how
does it reach subsoils and what drives its stability if it
is stable at all?
In general there are different pathways how DOC
can reach subsoil horizons. One way is the direct
transport to subsoils via preferential flow paths
(Hagedorn et al. 2015), which is particularly taking
place at heavy rainfall events (Kaiser and Guggen-
berger 2005). Another possibility is the ‘‘continuous
sorption and precipitation, combined with microbial
processing and subsequent desorption and dissolu-
tion’’ as it was described by Kaiser and Kalbitz (2012)
and is referred to as the cascade model. This model can
explain higher 14C ages of organic C and of DOC in
subsoils and has been confirmed in a laboratory flow
experiment by Leinemann et al. (2018), where the
mobilisation and replacement of mineral-associated
organic matter by percolating DOC was quantified.
Accordingly in a laboratory experiment Hagedorn
et al. (2015) tested the importance of DOC from fresh
litter along a soil chronosequence. They found that
DOC was retained in the uppermost centimetres of the
mineral soil, whereas non litter derived soil organic
matter is leached. Conversely Rothstein et al. (2018)
showed in a field experiment that the organic horizon
and the subsoil of a Podzol are directly linked. In their
study around 80% of the C entering the subsoil derived
from the organic layer while the rest derived from
DOC that was produced during the passage of water
through the topsoil. Until now there are no field
experiments, testing the effect of different substrates
and textural differences on the transport of DOC in
topsoils and subsoils. Since the saturated water
conductivity strongly depends on the texture of a soil
(Saxton and Rawls 2006) one should expect large
differences in the DOC transport between a clayey and
a sandy soil.
Furthermore, not the fresh litter as it was used by
Hagedorn et al. (2015), but the humified organic layer
(Oa horizon) is recognised as the main source for DOC
reaching partly also deeper soil horizons (Qualls and
Haines 1992; Rothstein et al. 2018; Schulze et al.
2011). It has been shown that DOC from Oa horizons
has a higher stability than that from fresh litter, both in
solution and associated with the mineral phase (Don
and Kalbitz 2005; Kalbitz et al. 2005). This is due to
the different composition of DOC released from the
differently degraded forest floor horizons (Klotzbü-
cher et al. 2013). Dissolved organic carbon from Oa
horizons is characterised by a much greater aromatic-
ity, complexity of molecules and smaller content of
carbohydrates compared to DOC from fresh litter,
leading to stronger sorption and higher intrinsic
stability (Kalbitz et al. 2005). DOC from fresh beech
litter for example, can be mineralised by 65% within
90 days while DOC from degraded and humified
beech litter could be mineralised by 9.1% only within
the same time in a liquid incubation experiment from
Kalbitz et al. (2003). The amount of organic carbon
(OC) that is dissolved from the different organic layers
and in the mineral topsoil thereby depends on
seasonal, pedological, vegetational and microbial
characteristics (Don and Schulze 2008; Guggenberger
et al. 1994; Kögel-Knabner 2002; Lee et al. 2018).
Consequently it should behave in a different way
compared to DOC from fresh litter during its passage
through the soil. To the best of our knowledge there
are no field experiments testing the behaviour of DOC
derived from humified organic layers within a soil
profile and also if different soil and environmental
conditions play a role. But this would be important to
know, since subsoils underlie different environmental
conditions than topsoils which influence organic
matter decomposability and stabilisation. This is,
e.g., due to lower SOC contents (Don et al. 2013;
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Rumpel and Kogel-Knabner 2011), different micro-
bial communities (Agnelli et al. 2004), different water
and oxygen availabilities (Schneider et al. 2017),
temperature dependent effects (Tückmantel et al.
2017), or the availability of fresh organic matter
inputs (Fontaine et al. 2007). Most studies indicate,
that rather physical protection mechanisms than
inherent recalcitrance are responsible for long-term
stabilisation of SOC (Marschner et al. 2008; Schöning
and Kögel-Knabner 2006; von Lützow et al. 2008) and
that SOC turnover is governed by microbial accessi-
bility (Dungait et al. 2012). As DOC reaches the
subsoil it gets sorbed to the mineral phase and is part of
SOC. Thereby sorption of DOC in subsoils is related to
the amount of clay sized particles like phyllosilicates
(Barré et al. 2014) or iron- and aluminium (hydr)ox-
ides (Kaiser and Zech 1996; Kindler et al. 2011). In
acidic subsoils, especially poorly crystalline minerals
have been considered to exert a large impact on
organic matter stabilization (Mikutta et al. 2006). In a
sorption experiment, Kaiser and Guggenberger (2000)
have shown that on the other hand a high coverage of
mineral surfaces with organic matter reduces the
availability of these surfaces to adsorb DOC. Conse-
quently, subsoils should be more capable for DOC
sorption and stabilisation compared to topsoils and
fine textured soils with higher capacities of free
sorption sites should be more capable than coarse
textured soils. A critical step to test these assumptions
under field conditions is to detect the source of DOC
and its fate in top- and subsoils, because in all parts of
the soil DOC is produced by solubilisation of SOC or
root litter and influenced by sorption/desorption
processes, transport and microbial consumption. Even
though DOC fluxes reaching the subsoil are small,
their contribution to build up stabilised SOC in
subsoils may be large (Hagedorn et al. 2012; Kalbitz
et al. 2007). Isotopic labelling techniques are useful
tools to follow the fate of DOC (Fröberg et al. 2009;
Hagedorn et al. 2015; Kammer and Hagedorn 2011).
Furthermore, laboratory experiments may be useful to
identify distinct processes participating in the DOC
turnover, but the combined effect of microbial turn-
over and flux conditions on the role and fate of DOC in
subsoils can be only realistically quantified under field
conditions. To the best of our knowledge, there is only
the field study from Rothstein et al. (2018), that
assesses the DOC contribution to subsoils. And this
study is restricted to one soil type and the authors
could not distinguish between roots and SOC from O
horizons as source for DOC.
Thus, the goal of this study was to assess the
stability of DOC in topsoils and subsoils under beech
forest from different soil parent materials. Our
approach was to inject 13C-labelled DOC from
decomposed beech litter into topsoil, upper subsoil
and deeper subsoil horizons of different beech forest
sites. The soils include two Cambisols and a Luvisol.
This allowed us to directly assess the stability of DOC
under field conditions as it was proposed by Schmidt
et al. (2011) and Campbell and Paustian (2015). The
stability of indigenous SOC and of SOC derived from
DOC sorption was assessed by a laboratory incubation
experiment. We tested the hypotheses that (i) more
injected DOC is retained in subsoils than in topsoils
and in fine textured soils compared to coarse textured
soils, due to higher capacity of free sorption sites, (ii)
coarse textured soils facilitate a more homogeneous
and deeper translocation of injected DOC than fine
textured soils, and (iii) retained DOC is more stable in
subsoils than in topsoils.
Material and methods
Site description
The field experiments were conducted at three sites
under beech forest (Fagus sylvatica) with soils derived
from different parent material (sand, red sandstone and
loess). The soil at the first experimental site (near
Nienburg (Weser), 51 340 41.3400 N, 10 30 54.6192 E)
was classified as a Dystric Cambisol developed on
Pleistocene fluvial and aoelian sandy deposits and will
be referred to as ‘‘Sand’’ in the following. The mean
annual temperature at this site is 9.7 C and the annual
precipitation amounts to 762 mm (Leinemann et al.
2016). The soil at the second site (near Ebergötzen,
51 340 41.3400 N, 10 30 54.6192 E) was a Dystric
Cambisol, developed on Triassic upper red sandstone
and therefore will be referred to as ‘‘Red Sandstone’’
in the following. Mean annual temperature and
precipitation at this site are 8.3 C and 794 mm
respectively. The soil at the third site (near Rüder-
shausen, 51 340 47.53200 N, 10 140 33.8424 E) was a
Luvisol developed on loess deposits. This site will be
referred to as ‘‘Loess’’ and has a mean annual
temperature of 8.5 C and an average annual
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precipitation of 733 mm. For further details about the
three sites see Kirfel et al. (2019). Selected soil
properties are summarised in Table 1.
Injection experiment
To trace the fate of DOC from decomposed litter in
different soil layers, a 13C-labelled DOC solution
derived from 13C-labelled beech litter was directly
injected into three different depths increments at the
three experimental sites from 7 May to 6 June 2017.
We use the term DOC even though it is organic matter
that comprises also other elements than carbon. The
depths chosen for injection were 10, 50 and 100 cm.
Due to the shallower soil development at the Red
Sandstone, the injection there was set to 10, 30 and
60 cm depth. In the following, the depth increments
are referred to as ‘‘Topsoil’’, ‘‘Upper Subsoil’’ and
‘‘Deeper Subsoil’’, respectively. To prepare the injec-
tion into the Upper and Deeper Subsoil, three pits per
site were excavated down to 150 cm depth. These pits
were located approximately 50 m apart from each
other (Fig. 1). One horizontal shaft was cut into the
profile wall for Upper Subsoil injection and one on the
opposite site of the soil pit for the Deeper Subsoil
injection. For the Topsoil injection, the upper 10 cm of
the mineral soil was removed as an intact soil block,
directly adjacent to the respective pit for the Upper and
Deeper Subsoil. The DOC solution was produced by
mixing decomposed 13C-labelled beech litter (d13C
of * 468%) with de-ionised water in a 1:10 ratio for
12 h in a 250 l barrel with an electric stirrer. The
decomposed beech litter consisted of a mixture of
highly labelled beech litter (10 atom-%, IsoLife,
Wageningen, The Netherlands) and unlabelled beech
litter. This mixture was used in a field experiment for
22 months (Liebmann et al. 2020) before it was
removed and used as DO13C source in this experiment.
The obtained solution was pre-filtered to 2 mm via a
tissue and finally filtered via cross-flow filtration
(CMB 090, Microdyn-Nadir, Wuppertal, Germany)
to\ 0.2 lm. In total, 150 l of 13C-labelled DOC
solution was produced. The DOC concentration of the
solution was 200 mg l-1 with a d13C value of 286%.
The DOC solution was injected with three field
replicates (plots) per site. Additionally, one control
plot per site was prepared with a 1 mmol CaCl2
solution being injected to test for disturbance and
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injected, one DOC sample per site was taken and
frozen for further analyses. A qualitative analysis
revealed a similar composition for all injected DOC
samples. Further details are provided in the supple-
ment (Table A1).
The injection was conducted with syringes which
were filled with the DOC solution. Syringes were
connected to 25 needles and combined at regular grid
with on 20 9 20 cm plates. Plates were horizontally
placed into the shafts and for the topsoil onto the
excavated soil and the solution was slowly injected
into the profile (Fig. 2). In total 1.8 l of the DOC
solution was injected into an area of 400 cm2
corresponding to an added amount of 9 g DOC m-2
and thus resembling a precipitation event of 45 mm.
Three plates with syringes were injected adjacent to
each other per shaft to enable three samplings and to
reduce side effects. Especially at the Loess, former
root channels were detected at some the profile walls.
During injection, parts of the injected DOC flowed out
of some of these channels, indicating preferential flow.
After injection, plates were removed and the shafts as
well as the profiles were carefully filled with soil from
the same depth and compacted to original bulk
density. At the Topsoil injection spots the removed
soil block was carefully returned to the same location
where it came from. The respective injection areas
were marked with iron bars on top of the restored soil
profiles.
Sampling
In August 2017 and October 2018 (3 and 17 months
after injection), three soil cores per site and injection
depth, plus three adjacent control cores per site, were
taken via a machine-driven percussion coring system
(Nordmeyer Geotool, Berlin, Germany) (Fig. 1, plot
1–3). Additionally, three soil cores per site and
injection depth from the CaCl2-control injection were
sampled three months after injection (Fig. 1, plot 4).
The amount of rainfall between injection and sampling
after three months was as high as between 3 and
17 months after the injection due to a very dry summer
period between the two sampling dates. In both
periods of time precipitation amounted to * 300 mm
at all three sites. Soil cores had a diameter of 6 cm and
drilling depth was 100 cm below the respective
injection depth, thus 200 cm deep for the Deep
Subsoil injection. For the Red Sandstone, maximum
drilling depth was 120 cm due to the shallow soil
depth. Material above the injection depth was dis-
carded. Material below the injection depth was
separated into increments following defined depth
Sects. (0–5, 5–10, 10–20, 20–30, 30–40, 40–50,
50–60, 60–80 and 80–100 cm below injection depth)
resulting in 9 samples per core if possible and 934
samples in total for both samplings. For the Deeper
Subsoil of the Red Sandstone, the deepest depth
section consequently was 50–60 cm below injection
depth. The respective control cores were separated
into the same increments as the cores at the injection
Fig. 1 Injection of DOC at 10 cm depth at the Red Sandstone
site (left) and in 50 and 100 cm depth at the Loess site (right).
Note that on the right site, the injection at 100 cm depth is
shown. The injection at 50 cm depth was conducted on the
opposite site. The injection area was designed for three possible
samplings. (Color figure online)
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plots. Samples were filled into plastic bags and stored
at 6 C until further processing.
Chemical analyses and calculations
All soil samples were oven dried at 60 C and sieved
to 2 mm. Subsamples were homogenised, ground in a
ball mill, and analysed for inorganic C, total C and
nitrogen by dry combustion in an elemental analyser
(LECO TruMac, St. Joseph, MI, USA). Organic C
content was calculated by the difference between total
and inorganic C. Carbonate was present in only very
few samples and in very low concentrations (\ 0.025
weight %). Respective values for bulk density, pH and
stone content were obtained from a formerly con-
ducted regional site grid sampling at the same sites
(Heinze et al. 2018). Oxalate extractions were con-
ducted according to Schwertmann (1964) and McKea-
gue and Day (1966) by using a 0.2 M ammonium
oxalate solution (pH 3) to dissolve poorly crystalline
aluminosilicates and Fe hydroxides like ferrihydrite as
well as organic complexes (Feo, Alo). Dithionite
extractions were conducted according to (Mehra and
Jackson 2013), modified by Sheldrick and McKeague
(1975), to extract poorly crystalline as well as
crystalline iron oxides (Fed, Ald).
Total SOC stocks (Mg ha-1) in each depth incre-
ment were calculated according Eq. 1,
SOC stock ¼ SOC  BD  1 stone contentð Þ  depth
 0:1
ð1Þ
where SOC is the soil organic carbon content in the
fine soil\ 2-mm fraction (mg g-1), BD is the bulk
density of the fine soil (g cm-3), the stone content is
the volume based proportion of stones (cm3 cm-3) and
depth is the thickness of the depth increment (cm).
Homogenised samples were analysed for d13C
values in an isotope ratio mass spectrometer (Delta
Plus, Thermo Fisher, Waltham, MA, USA) coupled to
an elemental analyser (FLASH EA 1122 NA 1500;
Wigan, United Kingdom). Because carbonate contents
were so low and in the same range for a specific depth,
we further measured d13C without removing them to
calculate the proportion of retained DOC. Resulting
d13C values (%) were expressed relative to the
international standard of Vienna Pee Dee Belemnite
(V-PDB). d13C values values from the labelled plots
were compared with the upper quantile of a 90%-
confidence interval from respective control samples
calculated by Eq. 2:
x Q95ð Þ ¼ xþ s  t/:a
 
ð2Þ
Thereby the upper 90%-quantile (x(Q95)) is calcu-
lated by the mean (xÞ and standard deviation (s) of the
respective control samples from the same depth and
Fig. 2 Concept of the sampling design for each of the three
sites. The plots were approximately 50 m apart from each other.
First sampling was conducted in August 2017, resulting in nine
cores from the injection sites plus three respective control cores.
Second sampling was conducted in October 2018. The water
control (CaCl2) was completely sampled after 3 months
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both sampling dates (n = 6) and the value from the
Student t-distribution(t/;a). Only when the d13C value
of the labelled soil sample was higher than x(Q95), its
value was taken into account for the calculation of a
labelled DOC-derived SOC fraction. The fraction of
labelled DOC-derived SOC in the bulk soil (f13C) was
calculated with a two pool mixing model (Eq. 3) used





where dinject is the d
13C value (%) of the labelled soil
sample, dsolution is the d
13C value of the injected DOC
solution and dcontrol is the mean d
13C value of the
corresponding control samples.
With this fraction of labelled DOC-derived SOC
the amount of retained DOC per depth increment (%)
was calculated by Eq. 4:
retained DOC ¼ f13C  SOC stock  100
injected DOC
ð4Þ
where injected DOC is the amount of injected DOC in
Mg ha-1. For both sampling dates, the amount of
retained DOC per plot and injection depth was
summed up over the whole sampling depth respec-
tively. The final amount of retained DOC per injection
depth and time was obtained by averaging values from
the three plots.
Incubation experiment
To assess the potential stability of retained DOC
against microbial decay a laboratory incubation
experiment was conducted for 103 days at 20 C.
From each substrate, injection depth and plot we used
three samples from within the top 20 cm below the
respective injection depth (depth increments 0–5,
5–10 and 10–20 cm) taken from the sampling three
months after injection. Samples were taken from the
three plots per site plus respective samples from the
same depth of the control soils. The samples were
filled into 250 ml glass bottles (between 26 and 156 g
for equivalent SOC ranges) and adjusted to 60% of
their water holding capacity. As a control, four
additional blank samples with burned quartz sand
and four samples with ambient air were incubated,
resulting in a total of 170 samples. Before starting the
incubation, samples were pre-incubated for 1 week at
7 C and for 2 weeks at 20 C.
The potential C mineralisation was determined by
measuring the CO2 production on five dates (after 1,
13, 27, 48, 103 days). At each sampling date incuba-
tion vessels were flushed with ambient air to reach a
CO2 starting concentration near 400 ppm. Then,
incubation vessels were closed gas-tight and four gas
samples per soil sample and date were taken. The first
two samples were taken directly after the bottles were
closed. The lids contained a septum composed of a
fluorelastomer material to keep them air-tight after
sampling with a syringe needle. The other two gas
samples were taken after a determined time interval
(between 1 and 3 days) to ensure a sufficient accu-
mulation of CO2. Samples were filled into evacuated
gas vials (Labco Exetainer, Labco Limited, Lampeter,
UK). One sample from the start and one sample after
the time interval were analysed for CO2 concentra-
tions by gas chromatography (Agilent 7890A, GC,
Agilent Technologies, Santa Clara, USA) to account
for the amount of accumulated CO2. The other two
samples were analysed with an isotope ratio mass
spectrometer (Delta Plus XP, Thermo Fisher Scien-
tific, Bremen, Germany) to account for the develop-
ment of d13C of CO2 during the respiration, leading to
a total amount of 3400 analysed gas samples.
The amount of respired CO2–C (mg CO2–C d
-1)
was calculated with Eq. 5.
CO2  C ¼
0:1  p  xi M  V
R  T  t ð5Þ
where p is the pressure (mbar), xi is the difference of
the CO2 concentration between the samplings (ppm),
M is the molar mass of C (g mol-1), V the air volume
of the sample (m3), R is the molar gas constant (J
kmol-1 K-1), T is the temperature (K) and t is the
elapsed time (d) between the samplings. This respira-
tion rate was referred to the SOC content (called
‘‘SOC-normalised respiration’’) by dividing it by the
total amount of SOC in g in the sample. Since the
content of inorganic carbon in the soil samples was
extremely low we assumed that it has no considerable
effect on the CO2 production (Bertrand et al. 2007).
To determine the amount of respired labelled
material (called ‘‘labelled SOC-normalised respira-
tion’’) we also used the two pool mixing model
(Eq. 2). For dcontrolwe used median d
13C values of the
respired CO2 from control samples from the three sites
(Loess, Red Sandstone and Sand), injection depth
(Top-, Upper and Deeper Subsoil), and sampling time
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(1, 13, 27, 48, 103) resulting in 9 observations per
sampling date. The median was taken to reduce the
influence of outliers on calculated labelled SOC-
normalised respiration. In some cases only a small
number of repetitions were obtained due to the fact
that only samples from the labelled plots with
significant amounts of retained DOC were taken into
account. To account for natural fluctuations of the
d13CO2 values from the labelled samples we also
included d13CO2 values that showed more negative
values than the control median.
Statistics
Statistical analyses were conducted using R Core
Team (2018), including the packages glmmLasso
(Groll and Tutz 2014) to perform generalised linear
mixed effect analyses and ggplot2 (Wickham 2016)
for graphical presentation. Significant differences of
cumulative respiration normalised to SOC and
labelled SOC after 103 days of incubation between
the different sites and depths were tested with a
Kruskal–Wallis test including a Wilcoxon posthoc
analysis. The generalised linear mixed effect analysis
was used to test for influencing parameters on the
amount of retained DOC 3 months after injection. We
only used the amount of retained DOC in the first
depth increment below injection (0–5 cm). The mixed
effect analysis was performed using SOC, AlO, FeO,
FeD, substrate and horizon as fixed effects and the field
replicates (plots) as a random effect. All numerical
variables were standardized to a mean of 0 and a
standard deviation of 1. Models were tested for
deviations from homoscedasticity, normality of resid-
uals and absence of collinearity. We did not allow for
random slopes since we assumed that the effects of the
included soil parameters were not variable across the
plots. The fitted linear model did not have normally
distributed residuals and were strongly heteroscedastic
when we also included retained values of zero for
modelling. Therefore we used only depth increments
with significant amounts of retained DOC. This was
also the reason why we could not perform a linear
mixed effect analysis for the amount of retained DOC
after 17 months, since the remaining samples did not
contained enough data to provide reliable results.
Results
Amount of retained DOC
The average amounts of retained DOC in the first
meter below injection after three months were
34 ± 11% for the Loess, 23 ± 9% for the Red
Sandstone and 23 ± 7% for the Sand. Three months
after injection more DOC was retained in the Topsoils
(43 ± 35%) compared to the Subsoils (21 ± 17% in
Upper Subsoils and 16 ± 14% in Deeper Subsoils)
(Fig. 3). The amount of retained DOC accounted for
only little OC in relation to the bulk SOC in the
Topsoil (max. 0.5% of bulk SOC 3 months after
injection) but quite high amounts in the Subsoils (max.
1.4% of bulk SOC in the Upper Subsoils and max.
4.8% of bulk SOC in the Deeper Subsoils) (Supple-
mentary material, Fig. A2). For the Topsoil the
maximum portion of 0.5% corresponds to 0.013 mg
SOC g-1 soil. The highest value of 4.8% was obtained
at the Deeper Subsoil of the Sand and corresponds to
0.053 mg SOC g-1 soil. Comparing the different sites,
there was a decreasing trend of retained DOC from
Loess to Red Sandstone and to Sand in Topsoils,
whereas the retention in the Upper and Deeper Subsoil
was similar for all sites. Due to the high within-group
variability the differences between substrates and
horizons were not statistical significant (Kruskal–
Wallis rank sum test, p = 0.33).
The bulk SOC content was found to be the best
predictor for the retained amounts of DOC after 3
months within the first 5 cm below injection depth
increasing it by 3.2 ± 0.8% (p\ 0.001) as revealed
by the linear mixed effect model. Thus, topsoils
retained more DOC than subsoils due to their higher
SOC content. More DOC retention in SOC-rich soil
was also found when Topsoils were excluded from the
model, increasing the amount of retained DOC by
3.1 ± 0.9% (p\ 0.001) per mg SOC g-1 soil. Thus,
three months after injection more labelled DOC was
retained in subsoils with high SOC contents compared
to SOC poor subsoils.
Seventeen months after injection, the pattern of the
retained labelled DOC changed. Highest amounts of
retained DOC were found in the Deeper Subsoil of the
Loess (41 ± 52%) and lowest in the Topsoil of the
Sand (3 ± 5%). However, due to the small indigenous
SOC contents, the retained amount after 17 months for
the Deeper Subsoil of the Sand still represents
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6.1 ± 10.6% of bulk SOC. Corresponding mean
values averaged over all sites range from 11 ± 12%
in Topsoils to 19 ± 20% in Upper Subsoils and
21 ± 32% in Deeper Subsoils. Thus, there was a
change towards highest amounts of retained DOC in
the Subsoils compared to the sampling after 3 months.
The observed trends however, were not significant
(Kruskal–Wallis rank sum test, p = 0.61). We partly
found a higher amount of retained DOC after
17 months than after 3 months, especially for the
Deeper Subsoil of the Loess, which we attribute to a
high small-scale variability of the soils in terms of flow
paths. The amount of retained DOC per plot reveals a
high variation in the data (Table 2). Thus the average
amounts of retained DOC per site and depth obtained
extremely disparate values resulting in high standard
deviations.
Translocation of DOC below the injection depths
We traced the 13C label within 100 cm below each
injection depth to clarify as to which extent DOC was
translocated downwards before adsorption to miner-
als, remobilisation from minerals or microbial immo-
bilisation occurred. After 3 months, DOC injected into
the Upper and Deeper Subsoils of all sites was largely
restricted to the top 10 cm or even 5 cm below the
injection depth (Fig. 4). In contrast, DOC injected into
the Topsoil showed a comparatively deep transloca-
tion in particular at the Loess and Sand site. Especially
the Topsoil of the Loess site showed a significant
movement of DOC to 50—60 cm below injection.
Looking at the depth distribution 17 months after
injection, the portion of DOC retained in the Topsoils
decreased as compared to that after three months
(Fig. 4). In the top 5 cm below the injection depth, no
retained DOC was found any more after 17 months at
the Loess and the Sand site. In the subsoils, we partly
found a higher amount of retained DOC after
17 months than after three months, especially for the
Upper Subsoil of the Loess with a strong translocation
of injected DOC down to 70 cm below injection depth,
which we attribute to a high small-scale variability of
the soils in terms of flow paths (Fig. 4, lower panels).
Fig. 3 Summarised recovered labelled material over the first meter below injection depth after 3 (white boxes) and 17 months (grey
boxes). Columns represent mean values from the three plots. Error bars represent standard errors
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In general, there was only a decrease of retained DOC
at the Red Sandstone and Sand suggesting no translo-
cation but mainly decomposition.
Incubation results
After 103 days of laboratory incubation, in the Topsoil
of the Loess, SOC-normalised respiration added up to
3.3 ± 0.6% within 103 days, which was significantly
Table 2 Recovered C from the injected DOC over the first meter below injection depth for all plots at the three sites
Site Sampling time (months) Retained DOC (%)
Topsoil Upper subsoil Deeper subsoil
Plot 1 Plot 2 Plot 3 Plot 1 Plot 2 Plot 3 Plot 1 Plot 2 Plot 3
Loess 3 23 87 98 26 11 15 21 13 11
17 33 11 24 23 0 41 100 0 23
Red sandstone 3 4 69 32 10 14 9 1 39 33
17 0 0 21 10 17 23 0 8 19
Sand 3 56 3 18 7 58 38 22 0 1
17 0 0 8 0 0 56 36 0 0
Fig. 4 Depth distribution of retained DOC after three and after seventeen months. Values represent mean values of retained DOC
(n = 3) and their respective standard errors. Dashed lines represent respective injection depths
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higher than respiration in the Upper and Deeper
Subsoil with 1.2 ± 0.5 and 1.9 ± 0.7% (Fig. 5,
Table 3). In contrast to the Loess, SOC-normalised
respiration at the Sand and Red Sandstone showed no
significant differences in potential respiration per SOC
for different soil depths at all. Noteworthy, the more
fine textured Loess did not show lower SOC-nor-
malised respiration than the more sandy soils, and was
even highest for the Topsoil. Averaged over all
injection depths, the Sand showed the lowest respira-
tion rates. When comparing the cumulative respiration
normalized to bulk SOC with that from labelled SOC,
eight out of nine samples tended to have higher values,
except of the Topsoil samples from the Loess indicat-
ing a preferential respiration of labelled DOC than
bulk SOC (Table 3). Due to the high variability of the
labelled SOC-normalised respiration, these differ-
ences were not significant (p[ 0.05, Kruskal–Wallis
Test).
Behaviour of retained DOC in the field
The comparison of the amount of retained DOC after
17 months with that after three months allows assess-
ing its stability under field conditions. Due to the depth
distribution of retained DOC we exclude a transloca-
tion of retained DOC between 3 and 17 months to be
responsible for the observed losses. Resulting losses,
when existing, are therefore assigned to respiration
processes. The loss of retained DOC in Topsoils was
even higher between the two sampling dates (* 19%)
compared to the cumulative potential respiration
Fig. 5 Cumulative bulk SOC-normalised (upper panel) and
labelled SOC-normalised (lower panel) respiration in a
103 days laboratory incubation experiment. Values for SOC
and labelled SOC-normalised respiration represent mean values
from samples 0–5, 5–10 and 10–20 cm depth below injection
with three repetitions per substrate (n = 9). Error bars represent
standard errors. Different letters indicate significant differences
(P\ 0.05) for cumulative respiration after 103 days of incuba-
tion. Because only samples with positive recovery values were
taken into account for labelled SOC-normalised respiration,
number of observations strongly differs (loess: 5–6, red
sandstone: 3–5, sand: 2–3). (Color figure online)
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during the incubation experiment, extrapolated to the
same time period (* 5%) (Table 3). This highlights
the method dependency of estimated respiration rates
and the importance of field studies to study DOC and
SOC turnover. With regard to the amount of retained
DOC at the Subsoils, four out of six field plots showed
a lower loss compared to the incubation results. For
the Deeper Subsoil of the Loess e.g. this was caused by
a more pronounced retention of DOC after 17 months
in greater depths, while the first 20 cm below injection
showed a decreasing trend. We assume that this more
pronounced retention after 17 months for the Deeper
Subsoil of the Loess was due to a translocation directly
after injection because of the increasing amounts with
increasing depth (Fig. 4). Even though the estimation
of field losses have to be handled with caution due to
the mentioned problems, these values in general show
the trend of more material being retained in the Upper
and Deeper Subsoil (mean values of all samples:
19 ± 18 and 21 ± 31%) compared to the Topsoil
(11 ± 12%). Additionally, a considerable amount of
DOC being injected into the Topsoil was directly
transferred to greater depths and thus became in fact
part of the subsoil SOC (Fig. 4). The retained DOC
within the top 40 cm below the topsoil injection at the
Sand completely disappeared between 3 and
17 months after injection. Also the retained material
at the first cm below injection at the topsoil injection at
the Loess and Red Sandstone showed a strong decline.
Discussion
In contrast to laboratory experiments under controlled
conditions, field experiments impose more challenges
in terms of effort and data interpretation. This has also
become evident in the results of our experiment. In
four out of nine cases, mean retained material after
17 months was higher than after 3 months. This can be
due to the observed lateral flow or because of an
unequal distribution of injected DOC in the soil
matrix. Nevertheless, due to the fact that a direct
injection of DOC to topsoils and subsoils in the field
was never done before, this study provides first
information on the fate of DOC under real environ-
mental conditions compared to laboratory incubation
experiments.
Amount and distribution of injected DOC
Despite a partly deeper translocation, the amount of
retained DOC in the first 10 cm below injection depth
was comparatively high at the Topsoil increments for
all sites after 3 months. This is contrary to our
hypothesis that more DOC will be retained in Subsoils
compared to Topsoils due to the higher availability of
free sorption sites in the subsoil (Guggenberger and
Kaiser 2003). According to Kaiser and Guggenberger
(2000) a coverage of reactive mineral surfaces with
organic matter should reduce the sorptive capacity.
This was not the case for the Topsoils with their
comparatively high amounts of SOC. Instead, the
Table 3 Cumulative respiration after 103 days of incubation normalised to bulk SOC and to the retained amount of injected DOC
with standard errors





Loess Topsoil 3.3 (0.3) 1.9 (1.2) 16.3 (7.1)
Upper subsoil 1.2 (0.3) 2.1 (0.3) 0.0 (3.1)
Deeper subsoil 1.9 (0.4) 2.5 (1.9) 0.0 (32.8)
Red Sandstone Topsoil 1.6 (0.3) 7.1 (1.7) 19.4 (22.1)
Upper subsoil 2.2 (0.7) 2.6 (1.5) 0.0 (3.3)
Deeper subsoil 1.7 (0.3) 4.9 (0.4) 15.4 (12.0)
Sand Topsoil 1.2 (0.2) 5.0 (0.1) 21.7
Upper subsoil 0.9 (0.2) 2.8 (2.9) 11.0 (12.1)
Deeper subsoil 2.1 (0.7) 5.6 (0.8) 0 (19.5)
*Field loss represents the difference between 3 and 17 months and has been converted to the duration of the incubation experiment
(103 days). To include displaced DOC all samples have been included for the calculation instead just the top 20 cm below injection
that were used for the incubation
123
122 Biogeochemistry (2020) 148:111–128
linear mixed effect model revealed that for the
Topsoils, the SOC content was the best predictor for
the amount of retained DOC after 3 months, confirm-
ing the findings of Vogel et al. (2014) in a mesocosm
experiment. They have shown that new organic matter
is preferentially attached to already present organo-
mineral clusters. Injected DOC was therefore prefer-
entially sorbed to already present organo-mineral
clusters, while the amount of aluminium- or iron(-
hydr-)oxides was not crucial for the retention. These
are partially unexpected field observations which
stress the importance of studies in undisturbed soils,
if possible under field conditions. Since these organo-
mineral clusters represent microbial hotspots in the
soil (Nannipieri et al. 2003), this would subsequently
lead to a lower stabilisation of this retained DOC. This
will be discussed in the stabilisation section later on.
Unlike expected, the more coarse sized Red Sand-
stone and Sand with their comparatively high water
conductivity (Saxton and Rawls 2006) did not show a
faster transport of the injected DOC compared to the
fine textured Loess site. Furthermore, the Topsoil of
the Loess and the Sand site showed a general deeper
translocation of injected DOC after 3 months com-
pared to the Subsoils. There are two explanations for
the different translocations between the sites and the
injection depths. One factor for a deeper distribution
of injected DOC in Topsoils compared to Subsoils
could be the decreasing water conductivity with
increasing soil depth due to a higher bulk density
(Table 1), leading to a longer contact time between
DOC and the mineral phase and thus more efficient
sorption and retention. The bulk density increased
from 1.10 to 1.19 g cm-3 in the Topsoils to
1.32–1.54 g cm-3 in the Upper Subsoils. For a pure
sand, Assouline (2006) has modelled a decrease of the
saturated water conductivity from 236 mm h-1 at a
bulk density of 1.25 g cm-3 to 112 mm h-1 at a bulk
density of 1.48 g cm-3. Thus it can be assumed that
the high water conductivity in the Topsoils led to a
deeper infiltration of DOC before it was sorbed due to
a short contact time Don and Schulze (2008). Besides
that, the Topsoil of the Loess with its lower water
conductivity even showed a deeper infiltration of
injected DOC after three months. Therefore the other
explanation that appears to be even more important for
the depth distribution of injected DOC might be the
abundance and stability of preferential flow paths. In
general, macropores are recognised as the most
important factor controlling preferential flow (Guo
and Lin 2018). They are considered as possible
pathways for DOC to reach deeper soil horizons
(Don and Schulze 2008). Indications for more macro-
pores at the Loess were the higher abundance of
earthworm and root channels visible in soil profile.
Such channels are less stable and abundant in more
sandy soils such as at the Red Sandstone and Sand sites
(Schneider and Don 2019). Nevertheless, to some
extent preferential flowmight be also important for the
Sand and the Red Sandstone, since small amounts of
retained DOC could also be found in greater depths.
The deeper translocation of injected DOC at the Loess
could therefore be a result of preferential flow directly
after the injection. This is in agreement with the
increasing amount of retained DOC with increasing
depth in the deeper subsoil 17 months after injection
(Fig. 4). A matrix flow between the sampling times
seems unlikely since this would lead to a decreasing
amount of retained material with increasing depth.
Despite this infiltration to greater depth due to
preferential flow, the retention after three months was
generally highest for all sites within the first centime-
tres below injection. This indicates a fast sorption even
at the more sandy sites during the matrix flow. It is
likely that there was enough time for the injected DOC
to be retained within the first 10 cm below the
injection depth, since even a structureless sandy soil
can have very low infiltration rates as it was shown by
Flury et al. (1994) with a dye infiltration experiment.
This high retention potential of our investigated Sand
is in agreement with studies from (Kalbitz et al. 2004;
Nielsen et al. 1999) and was also apparent within field
observations of Leinemann et al. (2016). The latter
authors could observe a strong decline of transported
DOC of 94%within 150 cm soil depth. Further it must
be considered that injected DOC concentrations of
9 g m-2 present the upper limit of DOC concentra-
tions that can reach forest subsoils within one year
(Fröberg et al. 2007; Kindler et al. 2011; Rothstein
et al. 2018). In our experiment this concentration was
injected within hours. Nevertheless, injected DOCwas
retained within the first cm below injection depth. This
indicates that the retention of DOC in subsoils is
mainly due to the presence of free sorption sites
(Kindler et al. 2011) which are by far not exhausted in
our investigated soils independent of their texture.
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Stability of topsoil and subsoil SOC
A bulk SOC-normalised respiration of 107 to 320 lg
CO2–C g
-1 C d-1 is within the range of comparable
incubation experiments (Agnelli et al. 2004; Salome
et al. 2010; Schrumpf et al. 2013; Soucemarianadin
et al. 2018;Wordell-Dietrich et al. 2017). Significantly
higher respiration rates for the Topsoil of the Loess
compared to the Subsoil samples and a clear trend of
higher SOC-normalised respiration at the Deeper
Subsoil of the Sand compared to the Topsoil samples
revealed relevant site dependent effects. Although
confounding, these different courses for the Loess and
the Sand can be explained by their substrate driven
impacts on the mineralisation as follows: The higher
SOC-normalised respiration of Deeper Subsoil com-
pared to the Topsoil for the Sand in our incubation
experiment could also be observed by Wordell-
Dietrich et al. (2017) and Heitkötter et al. (2017),
who conducted incubation experiments with soil from
the same Sand site as in our experiment. A possible
disturbance effect due to the destruction of stabilising
aggregates (Salome et al. 2010) can be excluded here,
since Vormstein (2017) also conducted incubation
experiments with soil from the same site with undis-
turbed and sieved samples and could not find signif-
icant different respiration rates. An explanation could
be a higher amount of particular organic matter (POM)
compared to mineral associated organic matter
(MOM) in the Deeper Subsoil of the Sand as a more
easily degradable carbon source (Yakovchenko et al.
1998). This is indicated by a higher content of fine
roots for the subsoil of the Sand site compared to the
topsoil, shown by Kirfel et al. (2019) for samples from
the same site. Despite this, stabilisation of SOC in
acidic forest is mostly driven by poorly crystalline
minerals (Kleber et al. 2015; Mikutta et al. 2006). This
is due to their crystallinity, exhibiting a higher surface
reactivity and thus a better protective capacity towards
SOC (Mikutta et al. 2005). Hence, the higher amount
of poorly crystalline minerals in the Upper Subsoil
than in the Deeper Subsoil could be a factor for the
differences between these both (Table 1). Interest-
ingly, the comparatively high amounts of an easier
degradable SOC source, indicated by a higher content
of fine roots in the subsoil (Kirfel et al., 2019), and a
lower content of stabilising poorly crystalline minerals
did not lead to a higher SOC-normalised respiration of
the Sand samples compared to the Loess and Red
Sandstone. The Topsoil of the Loess with its highest
SOC-normalised respiration even shows the highest
amounts of SOC in the heavy fraction compared to the
Topsoil of the Red Sandstone and the Sand (Vorm-
stein, 2017). This could be a hint for the physical effect
of textural differences on the SOC-normalised respi-
ration. As it was shown by Preusser et al. (2019) for
sand samples from the same site, a reduced bacterial
utilisation of SOC is due to a spatial separation from C
sources and low soil moisture in the highly sandy
subsoil environment. Also the physiology of different
microbial communities could be responsible for the
different stability of SOC between the sites (Kallen-
bach et al. 2016). However, this was not investigated
here.
Stability of injected DOC
The hypothesis of a higher stabilisation of injected
DOC in Subsoils compared to Topsoils could be
confirmed in our study, but with contrasting results
regarding the incubation experiment and the loss
between the two sampling dates. Our incubation
results revealed no differences of potential labelled
SOC-normalised respiration between Topsoil and
Subsoils. A lack of significant differences between
the labelled SOC-normalised respiration of Topsoil
and Subsoil samples can be due to the high standard
deviations of the incubations and the comparison of 9
groups which contained partly only two observations.
Nevertheless, this was surprising, since the compar-
ison of the amounts of DOC retained after 3 and
17 months revealed a strong decline in DOC retained
in Topsoils and a stabilisation in Subsoils (Fig. 3).
This may point to the fact that stabilisation effects in
subsoils are largely driven by environmental factors
that were not included in our incubation experiment,
namely less temperature variation, a different moisture
regime and an input of fresh bioavailable OC. The
relatively strong decrease of injected DOC at the
Topsoils after 17 months might be the result of a
higher microbial activity, shown by the significantly
higher respiration normalised to the bulk soil (Sup-
plementary material, Fig. 4). Due to the fact that
available energy sources in Topsoils are rather high
compared to Subsoils, and injected DOC represents
only a small amount of bulk SOC (Supplementary
material, Fig. 1) it was likely less important as C and
energy source for microorganisms in the Topsoils. In
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contrast, Subsoils are C poor and an addition of fresh
organic substrate may immediately result in an
increased microbial activity (Vogel et al. 2015) and
higher mineralisation of added labile C (Kramer et al.
2013; Tian et al. 2016). Nevertheless, long-term
stabilisation of SOC in Topsoils is rather hampered
due to the probable accumulation of injected DOC to
already present organo-mineral surfaces. This would
explain the comparatively high amounts of retained
DOC after 3 months in the Topsoils and the nearly
complete mineralisation of this retained DOC within
14 months.
Contrary to our hypothesis, the more fine textured
soils did not show higher amounts of stabilised DOC
injected to the subsoils in the field. Per depth
increment, there were no differences in the amounts
of retained DOC after 17 months for the different
sites. For the first cm below injection we can assume
matrix flow conditions of injected DOC before it was
sorbed to the mineral phase. Despite this, a consider-
able amount, especially at the Loess site, was translo-
cated to greater depth via preferential flow paths
before retention occurred. However, these rhizosphere
habitats also represent the microbial hotspots in
subsoil horizons (Bundt et al. 2001; Marschner et al.
2012), with higher specific enzyme activities com-
pared to topsoil bulk SOC (Kramer et al. 2013). For the
Sand site Wordell-Dietrich et al. (2019) showed that
roots and root exudates in the Subsoil regions are the
primary source of produced CO2. Injected DOC that
was retained within these microbial hotspots might
therefore be mineralised comparatively fast. In con-
trast, injected and retained DOC that has entered the
soil via matrix flow might be spatial separated from
these microbial hotspots and stabilised by poorly
crystalline minerals. In conclusion the high stabilisa-
tion of injected DOC between the two sampling dates
compared to the incubation results might be a result of
its matrix flow and spatial separation from potential
decomposers. The textural differences between the
sites were rather responsible for a faster vertical
movement, especially at the fine textured Loess, due to
a higher abundance of preferential flow paths. Differ-
ences between the Upper and Deeper Subsoil were not
substantial, pointing out to similar processes for
subsoil OC stabilisation right from the spatial begin-
ning of the subsoil.
Since retention of injected DOC with compara-
tively high concentrations occurred within the first
10 cm, it can be assumed that, for reaching deeper
subsoils, this retained DOC requires permanent
microbial degradation and translocation processes as
described in the cascade model. Furthermore, as it was
shown by Wordell-Dietrich et al. (in discussion),
respired CO2 from subsoils primarily derives from
roots and root exudates. Organic carbon bound to the
mineral surfaces in the Subsoils of the bulk soil should
therefore be relatively stable, not only because of the
stabilising effect of organo-mineral complexes but
also because it is not part of microbial hotspots.
Conclusion
Our results point out the importance of field experi-
ments with regards to questions about the fate and
stability of DOC in different soil depths and substrates.
Due to the combination of stable isotope techniques
with field experiments at multiple sites we were able to
obtain two important findings: First, stabilisation of
injected DOC in acidic forest subsoils might not be
preferentially driven by the sorptive capacity, like the
amount of poorly crystalline minerals of the soil, but
by its spatial inaccessibility, i.e. the distance to
microbial decomposers. Second, the direct transport
of DOC from Oa layers to subsoils seems to be higher
in fine-textured soils than in coarse textured soils due
to their higher abundance of preferential flow paths.
These flow paths also represent biological hotspots in
subsoils. Thus, our results point to the importance of
microbially-degraded and subsequently displaced OC
through the soil matrix for the build-up of possibly
stable SOC in subsoils. Unexpectedly, SOC itself
facilitated the retention of DOC in the short term with
more DOC retention in the topsoil than in the subsoil;
but in the long-term DOC stabilisation on accessible
mineral surfaces is required.
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